This paper details, assesses and validates a technique for the replication of a titanium wind tunnel test aerofoil in polyurethane resin. Existing resin replication techniques are adapted to overcome the technical difficulties associated with casting a high aspect ratio component. The technique is shown to have high replication fidelity over all important length-scales. The blade chord was accurate to 0.02%, and the maximum blade thickness was accurate to 2.5%. Important spatial and amplitude areal surface texture parameter were accurate to within 2%. Compared to an existing similar system using correlation areal parameters the current technique is shown to have lower fidelity and this difference is discussed. The current technique was developed for the measurement of boundary layer flow 'laminar to turbulent' transition for gas turbine compressor blade profiles and this application is illustrated. 
Introduction
Surface roughness and the associated drag on aero gas turbine components is a central consideration for design and in-service efficiency. The study of the influence of surface roughness on the flow over the complex geometries of gas turbine compressor blade is relatively underdeveloped. The work detailed in this paper forms part of the wider effort to improve understanding of the influence of surface roughness in this context and particularly with respect to boundary layer transition.
Roughness induced drag and boundary layer transition
The region of flow over a aerofoil surface where viscous forces dominate is termed the boundary layer [1] . Increased skin friction and thus drag due to surface roughness is determined by the roughness character and the nature of the boundary layer. A 'laminar' boundary layer is associated with low drag which increases as transition to the 'turbulent' flow regime occurs, though a 'laminar (viscous) sub layer' always persists close to the surface. Surface roughness is one factor that can influence (laminar-turbulent) 'transition' though there is no reliable method of predicting it. In addition to increasing drag by causing transition, roughness asperities that project through the laminar sub-layer cause a direct increase in drag by the formation of eddies. This effect increases momentum transfer from the surface to the turbulent boundary layer increasing its magnitude which is often referred to as 'thickening of the turbulent boundary layer'. When this mechanism is preceded by roughness induced transition this is described as 'premature transition'. Thus roughness induced drag is limited to these two different and physically distinct mechanisms and when neither is acting, a surface is said to have 'admissible' roughness or to be 'hydraulically smooth'. It is important to distinguish between these drag rise mechanisms as premature transition cannot be accounted for in existing models of roughness induced drag. No single test method is available to measure roughness induced drag and distinguish which initial 'drag rise mechanism' is at play. Roughness induced drag is measured directly by the momentum loss wind tunnel technique [2] , but to identify possible premature transition an infrared thermographic technique must be used. In a high speed wind tunnel the temperature the boundary layer of a test surface has a higher temperature than the bulk flow. Due to the their differing flow character the turbulent boundary layer is seen to be hotter than the laminar boundary layer, thus the transition is visible in the infrared. This technique is only suitable for thermally insulating surfaces [3] as metals disperse heat too quickly to sustain an adequate temperature gradient for current thermal cameras to capture. The solution to this problem, described in the current paper is the manufacture of a facsimile of the titanium test aerofoil in a thermally insulating polyurethane resin.
Areal surface metrology and replication fidelity
High fidelity replication of surface roughness has long been practiced in the field of surface metrology to allow the measurement of surfaces not easily accessed directly, or for surface archiving. Hansen et al and Nilsson and Ohlsson [4, 5] report areal parametric comparison results form a range of rigid thermosetting polymers and silicone elastomer. They report typical figures of 10% variation in (Sa, Sz, Vmp, Vvc, Vvv) for single stage replication of machines surfaces with an approximate Sa range of 0.2-1.7 μm. However warping and shrinkage due to heat generated during curing make most of these dedicated roughness replication resin options inappropriate for a precision casting application. More recently Song et al [6] applied the normalized cross-correlation function (CCF) in this context, the CCF is the sum of the product of the point heights of two superimposed areal surface measurements. CCF max is then the maximum value for this function when the master (M) and replica (R) measurement fields are optimally aligned. Thus two identical surfaces perfectly aligned would give a CCF max value of 100%. However, they note this parameter 'is not sensitive to a difference in the relative scale of surface heights between topographies of similar shape'. To mitigate this limitation they offer a second metric called the topography difference parameter D s .
Where
A 'difference' surface is formed by subtracting the replica surface from master surface at the optimal cross correlation position from above. The square of the rms roughness of this difference surface is then divided by the square of the rms roughness of the master surface to give the difference parameter. Thus two identical surfaces perfectly aligned would give a D s value of 0%. Unlike CCF max this parameter is sensitive to scale variations. Both of these parameters are expressed in percentage terms.
A replication technique similar to the one developed in the current paper is reported by Koch and Katterwe [7] . They use the well-established two stage casting method; a flexible female impression of the master is taken in silicone elastomer, epoxy resin is vacuum cast into this mould to form the replica. Vacuum casting as detailed by Akovali [8] is used to degas resin to avoid bubbles compromising surface replication quality. Koch and Katterwe [7] applied their technique to the replication of bullets for forensic purposes and have a patent application for that purpose [9] . This technique was assessed using the CCF max and D s metrics by Song et al [10] . They report mean values of CCF max and D s as favourable as 99% and 1% respectively.
Bergstrom et al [11] also used the idea of correlating by plotting the point heights of master and replica surfaces against each other. Thus, deviation of regression line gradient and coefficient of determination (R
2
) from their ideal values of unity for these plots become useful metrics for replication fidelity. In addition trends in the distribution of these correlation plots can give meaningful information about the nature of errors in replication fidelity, though they report no replication results using their techniques.
Objectives
In the present paper the primary objectives are to;
Demonstrate a method for precision replication of both geometry and surface texture of a high aspect ratio test aerofoil in polyurethane resin. Use a full range of current surface and geometry comparison techniques to assess replication fidelity. Validate replication fidelity by direct aerodynamic drag comparison. Illustrate the aerodynamic application of the technique to measure boundary layer transition on rough test aerofoils using infrared thermography.
Materials and methods

Replication resins
In the first stage of replication Microset TM was used it is a proprietary highly elastic synthetic rubber replication compound developed for and well proven in the replication of surface roughness detail [5] , with faithful replication claimed to length scales to 0.1 μm [12] . It has been shown that for similar applications Microset TM leaves no significant surface residue [13] , and is dimensionally stable when cured.
In the second replication stage a two part thermosetting polyurethane casting resin was used; polyol (monomer) and isocyanate polymerising catalyst are mixed in equal quantities. The mixture has a viscosity and density close to that of water and cures with a claimed linear shrinkage of approximately 0.2% [14] . Figure 1 shows a cross section of the test aerofoil, the profile of which is designed to simulate the flow conditions over a typical aero gas turbine compressor blade. The trailing edge section (A) has an aspect ratio of approximately 1:200. This slender character posed significant technical challenges in achieving high fidelity replication of both geometric form and surface roughness in the casting process. The test surfaces of the replicated aerofoil must be unmarked by mould parting lines or casting runners and risers, thus access for mould filling is limited.
Test aerofoils
Two titanium aerofoils (T1 and T2) were manufactured; T2 was shot blasted and then incrementally polished by a mass finishing process. At each polishing increment the aerofoil was wind tunnel tested to measure the drag induced by the surface roughness compared to the hydraulically smooth case. The second aerofoil T1 seen in figure 2 was suitably masked and processed in parallel with T2 to capture the eight incrementally textured test surfaces. Aerofoil T1 was replicated in polyurethane resin to give aerofoil R1 (Replica or Resin 1).
Separate aerofoils were used for drag and surface texture assessment for logistical reasons as the two processes were carried out at separate locations. Figure 3 shows the open empty replica casting box in which the two stage replication procedure was carried out. Figure 4 shows a sample titanium aerofoil mounted in the casting box and figure 5 shows the casting box assembled ready for first stage filling. Microset TM [12] silicone elastomer was injected via the two nozzles (C), until the riser tubes (B) were both approximately half filled with elastomer. The filler holes were plugged and the casting box transferred to a compressed air pressure vessel and allowed to cure for 24 h at approximately 50 psi. The ends of the casting box were then removed and the remaining bolts slackened to allow the titanium aerofoil to be extracted.
Aerofoil replication 2.3.1. Stage one
Stage two
The mould void was then filled from the top with polyurethane resin [14] via new sprue and riser tube ( figure 5(B) ). The casting box was then returned to the pressure vessel to cure for 24 h and the same pressure recorded from stage one. The replication process is summarised schematically in figure 6.
2.4. Replication fidelity 2.4.1. Surface metrology A focus variation (FV) instrument (Alicona IFM G4) [15] was used to assess surface topography with; 20× microscopic objective, 2.9 μm lateral resolution (approximately 1 μm sample spacing) and 60 nm vertical quantisation and automatic field stitching. T1 and R1 surfaces were characterised (see figure 7) in fields of 1×1.3 mm at locations spaced centrally to the roughness bands along three spanwise lines, one central to the chord and one approximately 10 mm to both the leading and trailing edges of this line, 48 fields in all. To ensure optimal alignment for comparison purposes these sample fields were precisely located with the use of a mounting jig and specific surface topography landmarks. Final adjustment and alignment was done by overlaying microscopic field images in a suitable graphics package and then cropping the point height maps to match. For each measurement field the Alicona captures a full colour image at the same resolution as the point height map. This alignment and cropping process required the use of a dedicated routine written in Alicona's scripting language. The acquired data was processed using the Alicona's proprietary algorithms via scripting language. A second order polynomial surface was fitted to and removed from the data sets to eliminate the aerofoil geometry, followed by a Gaussian 'S filter' (short wavelength noise filter) of 0.004 mm wavelength. A long wavelength 'L filter' [16] was not applied as all longer surface wavelengths were to be considered in the surface replication comparison. The point height correlation plot method was used to compare the results for regions A1, A4, and A8. Sample locations A, B and C, 1 through 6 were compared directly using the areal surface parameters Sq, Ssk and Sal. Sq (μm); the rms height and the standard deviation of the point height distribution for the surface. Ssk(-); skewness of the surface height distribution or the extent to which it is dominated by peaks or pits [17, 18] . Sal (μm); fastest decay autocorrelation length [17, 18] and a measure of the spatial (lateral) scales of surface topography. Taken together these parameters represent a good description of surface texture character for comparative purposes.
For a single relocated sample fields (not listed in figure 7 approximately 1×1 mm) in each of the hydraulically rough regions (1-5) of T1 and R1 the fidelity parameters CCF max and D s were calculated and compared. Five repeated replications of R1were cast and the repeatability of the process was analysed for the measurement field in region 4. 
Aerofoil geometry and drag validation
A half rough, half hydraulically smooth Titanium test aerofoil (see figure 4) and its replica were prepared to assess replication geometry fidelity using the gom 
Aerodynamic application
An infrared camera FLIR A315 [20] was used in combination with the wind tunnel described in section 0 to investigated the influence of surface roughness on boundary layer transition on the test aerofoil R1. Figure 8 shows the black polyurethane replica test aerofoil R1 produced by the technique detailed in the current work and the titanium test aerofoil T1.
Results
Replication
Replicated surface metrology
Within the range of the wind tunnel test conditions regions 6, 7 and 8 of the test aerofoils were determined to be hydraulically smooth, i.e. their surface roughness had no influence on flow. Thus the regions having roughness levels equal to or lower than region 6 are not considered for the current aerodynamic application but are included in the assessment of the replication process fidelity. A small number of optical spike artefacts were seen in some of the sample fields for T1 but were absent from R1. Such spikes are characteristic of the use of a FV instrument on a surface having localised regions of low surface microtexture. Crystalline blast media being retained in the surface or localised high polish are likely causes of low micro-texture. These spikes were hand cropped from the surface to the median value of the surrounding surface. They are inherently high aspect ratio and can increase extreme surface parameters by up to 100%, though Sq, Ssk, Sal are typically affected by less than 1%. Removal was limited to spikes greater than approximately 20% of the nominal surface height. However, remaining artefacts of this type are considered as a possible source of reduced fidelity in the correlation parameters. Figures 9(1) and (2) show false colour relief maps of region A4 on aerofoils T1 and R1 these give a visual indication of the overall replication and repositioning fidelity. Figure 9(3) shows the false colour relief map of the data set gained by subtracting the point heights of (2) from (1) this is an example of the (M-R) 'master-replica' surface referenced in equation (1) .
A significant proportion of this 'difference map' is close to an ideal uniform plane that would represent perfect replication the remaining pits and peaks thus represent replication and alignment errors. Figure 9 (4) shows optical micrographs of region A4 on aerofoils T1 and R1, the same region seen in figures 9(1), (2) and (3).
The polished plateau regions of the replicated surfaces in figure 9 (R1(A4) ) show evidence of a replication artefact in the form of small scale surface texture not present in the original surfaces. Figures 10(a)-(c) show point height correlation plots of region A1, A4, and A8 respectively for aerofoils T1 and R1. The replication artefact noted in region A4 has little impact on the overall character of the surface. However, as the vertical range of the surface decreases and the plateau regions become predominant at high levels of polish the artefact becomes a significant component of the surface texture. This trend of decreasing replication fidelity is illustrated in the R 2 values of regions A1 to A4 to A8 in figure 10 . For region A8 the area of the correlation plot corresponding to the highest points on the surface (region 'α') shows significant distortion. This generalised shifting of points height correlations toward the 'replica' axis illustrates the dominance of this small scale texture on the increasingly 'plateau like' surface.
The influence of this textural artefact is also clear in the areal parametric analysis of the replication technique. Peak material volume (Vmp) and reduced peak height (Spk) both reflect the specific character of this surface portion and for sample locations A5 and A6 (see figure 7) varied by as much as 30%. However, variations in the key areal parameters Sq, Sal and Ssk in table 1 between T1 and R1 were seen to be relatively small and approximately uniform with region. The mean and standard deviation for these parameters for regions 1 through 6 are shown in table 1. Overall vertical and lateral scale replication fidelity is high as illustrated by the small mean difference in Sq and Sal respectively in table 1. Significantly poorer fidelity is indicated by the variation in skewness (Ssk) of the replicated surfaces, though this is to be expected as Ssk is sensitive to surface outliers, as it is the third (cubic) moment of the surface height distribution. The mean and standard deviation of the regional percentage differences in parameter are quoted to give an overall impression of the fidelity of replication and its variance. The hydraulically smooth surfaces of regions 7 and 8 (Sq values of approximately 1 μm) showed a 15%-20% increase in Sq values with replication, though the overall trend of decreasing roughness with region was unaltered. A negative correlation between surface polish and replication fidelity is also seen in [21] , though the surfaces are significantly less rough than those in the current study. The cause of this loss of fidelity on increasingly smooth surfaces is not clear, though it is possible that heat evolved during curing may influence this. Table 2 shows the fidelity (regions 1-5) and repeatability data (region 4) using parameters CCF max and D s . Individual region values are not quoted for fidelity as they were approximately constant across the regions. For the repeatability study the sample field in region 4 was measured on five different replicas of T1 (5 versions of R1). The mean region fidelity figures indicates adequate replication quality, though they are somewhat poorer than the optimised values of 99% and 1% reported in [10] . Values of D s show a significantly larger range than do the values of CCF max . This discrepancy in the variance of these parameters may indicate a variation in scale changes due to shrinkage across the samples. The data in table 2 also indicates that the current replication technique offers similar levels of fidelity (accuracy) and repeatability (precision).
Replicated aerofoil geometry
Optical coordinate scanner point cloud data sets for the master and replica aerofoils were aligned by least square best fit using Catia TM [22] . For this fitting, figure 11 shows the discrepancy map for the dimensions of the replica with respect to the master, the two sides of the aerofoil map are shown unfolded along the leading edge. The contours appear to indicate a warping discrepancy, as diagonally opposite corners from the two data sets fall within a range of 0 mm to −0.143 mm discrepancy. The mean of three chord profiles, taken towards the ends and middle of the aerofoil spans were averaged to assess the cross sectional variation between the master and replica. Limited overall shrinkage was apparent in the replica, the shrinkage in mid chord thickness was approximately 140 μm or 2.5%. The maximum discrepancy for chord length was approximately 100 μm or 0.2%. This distribution of shrinkage is as anticipated as thicker sections are known to be more prone to shrinkage. It is less clear how warping might occur, though it may be related to which side the mould void is filled from and how the resin mixes upon filling.
Drag loss validation
The mean difference in drag coefficient between master and replicated regions of the tested aerofoils across a range of test flow conditions was less than 2%. This demonstrates that the aerodynamic performance of the replica aerofoil closely replicates that of titanium aerofoil for surfaces both above and below the admissible roughness level. This result validates the surface and geometric metrology results in showing that replication fidelity is high across all significant length scales. Figure 12 shows a thermogram of the thermally insulating test aerofoil R1, it illustrates the aerodynamic technique for which the replication method detailed in the current paper was developed. Unlike the metallic test aerofoil T1 the resin aerofoil R1 is capable of supporting a temperature gradient sufficient to be captured by current thermal imaging systems, FLIR A315 [20] in this case.
Boundary layer transition by infrared thermography
Transition from laminar to turbulent flow is clearly visible as cooler dark regions of the aerofoil become lighter (warmer) under turbulent flow. As anticipated transition is only seen to occur at one of two sensitive locations, the aerofoil leading edge or close to peak suction (E-E). Peak suction is the aerofoil location where pressure is lowest and flow velocity is highest. In region (B) of the thermogram the highest levels of surface roughness on the aerofoil are seen to destabilise the laminar boundary layer and cause transition to turbulence at the leading edge. However transition in this region is not complete, flow is a combination of white 'turbulent wedges' from the leading edge and the remaining laminar flow becoming turbulent around peak suction. By this method, transition due to surface roughness can be expressed as a function of Reynolds Table 1 . Shows values for the three locations A, B, C in regions 1-6 on the master and replica aerofoils T1 and R1 (see figure 7 for details) for parameters Sq, Sal and Ssk, and their mean values the percentage difference of these mean parameters for each region of R1 compared to T1, in addition to the mean and standard deviation of the percentage differences of the means. number. Roughness induced drag data (as a function of Reynolds number) for aerofoil T1can then be correlated with the transition data. This approach makes it possible to determine which of the two 'roughness induced' drag rise mechanisms (see section 3.1) causes the initial drag rise over each roughness band on T1. As noted, these drag rise mechanisms are distinct and thus distinguishing between them is essential for meaningful modelling and data analysis.
Discussion
Replication technique
The slender geometry of the aerofoil and the requirement for an un-split mould meant that only the aerofoil ends were available for; mould filling, reinforcement, mounting and registration purposes. Thus pressurisation of both stages of replication helped improve filling of the high aspect ratio trailing edge and eliminate air bubbles in the casting resin. Given the specific requirements of the current casting process, a low viscosity, slow cure and low exotherm rigid casting was required with high fidelity surface roughness replication qualities. Polyurethane resin was found to fit these requirements well. The selection of a low viscosity slow cure polyurethane resin blend also helped to offset these problems.
Metrology
Replication fidelity of the current technique is comparable to that reported for surface replication applications using mean areal field parameters as metrics. Though under the more exacting comparison of direct point height correlations the currents method compares less well to an existing similar technique.Optimised values for CCF max of 99% and D s of 1% are reported for the Figure 11 . Best fit discrepancy map of the master and replica aerofoils, the scale shows % distribution of discrepancy in (mm). replication technique of Koch and Katterwe [7] and Song et al [10] which are significantly better than the values for the current method of 95% and 11% respectively. These parameters rely on precise alignment of the sample fields being compared and the technique adopted in the current paper was not specifically designed with this in mind. Thus parameter variation due to alignment error will contribute to any loss of fidelity. The technical difficulties inherent in the current technique may also adversely influence replication fidelity. Unlike the technique due to Koch and Katterwe [7] the current method combines high aspect ratios with significantly larger resin volume and fully enclosed casting. Thus poor dissipation of the heat generated during curing may contribute to the smooth surface replication artefact noted in figure 9 as this is not typically seen under optimal casting conditions.
Aerodynamic performance
Optimal infrared thermography results require a surface to have a uniformly high emissivity, meaning the surface should strongly and uniformly re-emit acquired thermal energy. The addition of black pigment to the polyurethane resin was found to satisfy this requirement.
Conclusions
The replication process, detailed in the current report, is geometrically accurate at all scales with variations in: Sa <2%, maximum aerofoil thickness ∼2.5%, and drag loss <2%.
With the current technique replication fidelity is seen to decrease rapidly for the smoothest test surfaces. This is attributed to a high frequency surface artefact which may be the result of poor heat dissipation during curing.
The boundary layer transition behaviour due to surface roughness on a low conductivity resin test aerofoil surface can be determined using infrared thermography.
The accuracy in roughness replication means that the boundary layer transition location can be determined, combined with the accuracy in the aerofoil shape, this means that the aerofoil drag can be determined.
Further work is required to determine the cause of the reduced replication fidelity for the smoother surface in the current technique.
